Cultivated cotton (Gossypium spp.) is one of the most important crop plants in the world; it produces the leading natural fiber used in the textile industry and is the second most important oilseed crop. Spinnable cotton fibers, or seed hairs, are remarkable single cells that range between 30 and 40 mm in length and~15 μm in thickness in cultivated species. Cotton fiber is an excellent model system for studying plant cell development and has recently been recognized as one of the best characterized single-celled genomics platforms to date [1] [2] [3] . Fiber development spans four major discrete, yet overlapping stages: fiber initiation, fiber elongation, secondary cell wall deposition (SCWD), and maturation/dehydration [3] . In fiber initiation, which occurs around the time of anthesis (from −3 to 3 days post anthesis (dpa)), only about 30k of fiber primordia with the potential to undergo morphogenesis will successfully differentiate into mature fibers [4] . During fiber elongation (0 to~25 dpa), cells demonstrate highly accentuated polarized expansion, with peak growth rates of N 2 mm/day from~10 to 12 dpa, until the fiber reaches its final length [5, 6] . During the period of secondary cell wall (SCW) biogenesis (~21 to 45 dpa), there is massive deposition of cellulose, resulting in a thick SCW that is essentially pure cellulose. The final stage of fiber development, maturation/dehydration (45 to 50 dpa), is associated with the accumulation of minerals and simultaneous decrease in water potential, resulting in a mature cotton fiber [5] .
The genetic manipulation of the four major stages of fiber development is a primary goal of geneticists worldwide to improve fiber quality and yield. The spatial and temporal regulation of the accentuated growth and enhanced metabolic activity linked to the development of cotton fibers alone suggests that a large number of genes are required in the genetic control of fiber development [1] .
Tetraploid cottons (AD genome, 2n = 4x = 52) are thought to have formed about 1-2 million years ago by hybridization between a maternal Old World qAq genome taxon resembling Gossypium herbaceum and a paternal New World qDq genome taxon resembling Gossypium raimondii [7] or Gossypium gossypioides [8] . A RFLP-QTL mapping study showed that most QTLs that confer fiber quality and yield were located on the Dt subgenome of the cultivated tetraploid, even though the ancestral D-genome diploid progenitor did not produce spinnable fibers [9] . In contrast, differential expression of RNA transcripts from the At subgenome is consistent with the evolution of spinnable fibers in the A-genome lineage [10] . Recently mapped fiber EST-derived SSRs, however, showed that both At and Dt subgenomes are equally important to fiber development [11] .
Over the past decade, a number of individual genes related to fiber development have been isolated and characterized [3, [12] [13] [14] [15] . There are a number of parallels between morphogenesis of cotton fibers and Arabidopsis leaf trichomes. Cotton and Arabidopsis use similar, but evolutionarily divergent, genetic mechanisms for regulating cotton fiber and trichome morphogenesis [1, [16] [17] [18] . Recent efforts have focused on genome-scale systematic studies of fiber development genes to identify promising candidate genes and their functional annotation [1, 10, [19] [20] [21] [22] . Expression profiling during fiber elongation indicated that cotton fiber development could involve as much as 50k of the cotton transcriptome [1, 21] . The genetic complexity of the fiber transcriptome translates into an estimated 36,000 homologous fiber genes in the At and Dt genomes of the tetraploid species. Transcriptome profiling has also revealed dynamic changes in gene expression between primary and secondary cell wall biogenesis, which further illustrates that fiber genes are highly stage-specific. Genetic mapping of stage-specific fiber-elongation ESTs representing 1749 cDNAs revealed a nonrandom distribution; 65 intervals were localized to gene-rich regions and 17 intervals to gene-poor regions of the chromosomes [23] .
The inconsistency of results in assessing the contributions of the subgenomes to fiber development can be attributed to the limited number of mapped markers, especially those for fiber candidate genes [1] , and a bias in the selection of markers based on low levels of polymorphism in DNA markers. Despite efforts to determine the distribution of fiber development genes in the cotton genome using DNA-based polymorphic markers [9, 11, 23] , controversy still reigns as to which subgenome (At or Dt) is more important for fiber development and which chromosome(s) is primarily responsible for the development and production of a natural fiber. A frequently asked question that remains to be addressed is whether there are gene-rich islands in the cotton genome and what would be the distribution of such islands in the subgenomes. Elucidating the gene networks that contribute to fiber development will help facilitate genomic manipulations of cotton and other polyploid plants, including the design of a strategy for sequencing gene-rich regions of a genome.
A solution to overcome the marker limitation and to obtain an accurate distribution of fiber genes may be to map all fiber ESTs onto an integrated physical and genetic map of cotton. Cotton currently has a limited genetic map and a partial physical map. As the first step toward mapping the genetic network regulating fiber development, a bioinformatics approach was employed that utilized existing resources to identify the expression pattern of fiber genes and their distribution across the genome to tag key regions as targets for further investigation. Resources mined for this study include~185,000 EST sequences in GenBank amassed from 31 cDNA libraries constructed from 16 developing fiber stages and 15 nonfiber tissues, a total of 6921 genetic markers collected from published maps, and a 6 x genome coverage integrated genetic and physical map (Xu et al., in preparation) deposited in the CottonDB database (http://www.cottondb.org/). A recently described set of 51,107 nonredundant unigene sequences from cotton [24] provides a valuable new resource for studying the distribution and expression patterns of these fiber genes, in which 185,370 ESTs were assembled into 51,107 EST unigene sequences for further analysis. The aims of this study were (1) to assign assembled fiber unigenes to cotton chromosomes to discern any patterns in the distribution of generich islands in the cotton genome and (2) to connect these gene-rich islands with functionally related clusters on the basis of developmental expression patterns. The discovery of gene-rich clusters that are linked to specific development stages and localized to specific chromosomes provides the first glimpse into the genetic network regulating fiber development.
Results
The first step in investigating the genome distribution of developmentally regulated and stage-specific fiber genes was to assemble all gene sequences, markers, and mapped sequence-tagged-sites (STSs) for comparative analysis. The three major resources used for comparative analysis included fiber and nonfiber ESTs, a consensus genetic map, and an integrated genetic and physical map (Xu et al., in preparation) (http:// www.cottondb.org/) as described in the following paragraphs.
Assembly of a virtual genetic consensus map
A total of 6921 nonredundant genetic loci (including both fiberand non-fiber-related markers) that map to all 26 chromosomes of the At (chromosomes [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] (Table S1 ). However, based on outlier analysis (Table S1 ), both genetic markers and sequenced loci were evenly distributed among the 26 chromosomes, meaning no bias based on the distribution of markers and STSs would be introduced. In addition, 152 BAC-end sequences and 110 BAC-derived subclone sequences anchored onto a 6 x genome coverage integrated genetic and physical map (Xu et al., in preparation) in the CottonDB database (http://www.cottondb.org/) were used to locate the EST unigenes in the genome.
In silico analysis of stage-specific fiber gene expression A total of 51,107 EST nonredundant unigenes assembled from 185,370 cotton ESTs derived from 31 cDNA libraries (16 developing fiber libraries and 15 nonfiber tissues) were downloaded from public resources (http://www.agcol.arizona.edu/pave/cotton/). The EST unigenes were divided into fiber versus nonfiber groups, which resulted in data sets of 39,384 fiber and 19,160 nonfiber EST unigenes (Table S2) . A group of 3318 EST unigenes expressed during both vegetative growth and fiber development had an overlap rate of 7.3k and were clustered as house keeping genes ( Fig. 1 ) (Supplementary Table 1) . This left 36,066 fiber unigenes and 15,842 nonfiber unigenes in the two data sets once the housekeeping EST unigenes were removed (Fig. 1) . Because of our interest in ascertaining the distribution of stage-specific fiber genes, the nonredundant fiber EST unigenes were further subdivided into the following developmental stages based on the origin of the cDNA library: initiation/early expansion (24,137 ESTs), elongation (20, 341 ESTs), and SCWD (502 ESTs) (Fig. 1) . However, there is some overlap between the stages since a number of genes are expressed during more than one developmental stage. For instance, gene transcripts important to cell expansion and elongation may be expressed during initiation as well, although transcript abundance differs significantly due to temporal expression of the genes [1] . Therefore, the shared EST unigenes among the development stages were not removed from the data sets.
Stage-specific fiber genes cluster to specific chromosomes
The distribution of fiber genes involved in initiation, elongation, and SCWD across the 26 chromosomes of the AtDt genome was determined based on EST homologues with an E value of 1 × 10 −15 using outlier statistics. Fiber genes were distributed across the At and Dt subgenomes, but in each instance, outlier analysis revealed the preferential enrichment of genes from a particular developmental stage assigned to individual chromosomes (Fig. 2 ). In the case of initiation genes, assignment of EST unigenes on the genetic map ranged from a low of 131 genes on chromosome 2 to a high of 1353 genes on chromosome 5, which, in the latter instance, was significant ( Table 2 ). The results therefore identified gene-rich clusters on chromosome 5 that are specifically linked to fiber initiation. Similar results were obtained for each subgroup, in which a single chromosome was identified as bearing important fiber loci for a specific stage of fiber development. Because of the number of stage-specific libraries constructed for discrete stages during fiber elongation, the 20,341 elongation ESTs were divided into three developmental subgroups designated as early elongation (up to 5 dpa, 4798 ESTs), middle elongation (7-10 dpa, 12,748 ESTs), and late elongation (15-20 dpa, 4655 ESTs) (Table S2 and Fig. 1 ). For the 1001 EST unigenes corresponding to early fiber elongation, there was a significant bias for assignment of genes (207) to chromosome 10 ( Table 2 ). For the 2556 middle-elongation EST unigenes used in the analysis, 473 and 436 genes were significantly linked to chromosomes 10 and 14, respectively ( Fig. 2 , Table 2 ). The only significant subset of the 1014 late-elongation EST unigenes (339) was assigned to chromosome 14.
The SCWD stage has not been characterized in depth and only a limited number (502) of EST unigenes have been released from a single cDNA library. Following Blast analysis, 110 EST SCWD unigenes were anchored in an asymmetric distribution across chromosomes.
These tests identified chromosome 15 as an extreme outlier containing 43 unigenes (Table 2 , Fig. 2 ).
Verification of the fiber elongation gene distribution by overgo hybridization and Blast analysis
The best way to verify our results, in the absence of a whole genome sequence, was to map those fiber unigenes with proven function in fiber development through both overgo hybridization and Blast analysis. To this end, 172 fiber genes significantly upregulated during elongation as confirmed by both macroarray and RT-PCR analysis [22] were used to verify the distribution of the elongation unigenes. Using Blast analysis, 69 of the 172 fiber ESTs were located to cotton chromosomes. The distribution pattern was exactly the same as that from the assignment of 20,341 elongation unigenes, in which both chromosomes 10 and 14 were outliers (Table 2) , with chromosome 10 as an extreme outlier (Fig. 2) . To confirm these results further, overgo hybridization was used to locate the 172 ESTs in the integrated physical and genetic map of upland cotton (Xu et al., in preparation). Of the 172 ESTs, 163 were anchored to contig maps (Z. Xu et al., manuscript in preparation), and 75 were anchored to the integrated genetic and physical contig map. The distribution of the 75 ESTs on the integrated genetic and physical contig map was the same as the distribution obtained from the Blast results. Results from overgo hybridization and Blast analysis provide independent confirmation of our earlier result that chromosomes 10 and 14 contribute predominantly to fiber elongation.
Distribution of fiber unigenes was indirectly confirmed by comparing distribution patterns of nonfiber versus fiber unigenes. Currently, 19,160 nonfiber unigenes, including 10,977 EST contigs and 8183 EST singletons, have been collected from 15 cDNA libraries (Table  S2) . After the 3318 housekeeping unigenes were removed, 15,842 nonfiber EST unigenes remained. Following Blast analysis, 3078 of the nonfiber unigenes were mapped to the 26 cotton chromosomes. No outlier was observed (Table S3 ). All of the nonfiber unigenes were evenly distributed on the 26 chromosomes, whereas each fiber developmental stage had a specific chromosome that dominated a stage of fiber development. The same analysis was applied to the 3318 housekeeping unigenes and they were evenly distributed across the 26 chromosomes as well (Z. Xu et al., unpublished data).
Efficiency of fiber gene expression
Upland cotton is a tetraploid plant with 13 pairs of homologous chromosomes, which are identified by morphological traits [25] , DNA markers [23] , and BAC-FISH [26] . Most homologous assignments are based on primer DNA sequences as opposed to complete full-length DNA sequences. Using a complete marker sequence comparison strategy, the homology rate of the 13 pairs of homologous chromosomes was calculated and is summarized in Table 3 . Chromosomes 11 and 21 shared the highest homology rate of 60.2k, and chromosomes 4 and 22 shared the lowest homology rate of 22.8k. The average homology rate between 13 of the At and Dt chromosomes was 42.3k. Chromosome outliers that contained more fiber unigenes in At or Dt chromosomes did not have corresponding outlier homologues in the Dt or At chromosomes. For instance, although chromosome 10 was an outlier, its homologous chromosome 20 was not. The outliers for 3 other chromosomes produced results similar to those for homologous chromosomes 10 and 20. These results indicated that genes would express with a high efficiency in the whole genome because even though homologous genes exist on homologous chromosomes, often only one set of genes from one subgenome was expressed.
Identification of gene-rich islands for fiber development
The uneven distribution of fiber EST unigenes across the 26 chromosomes of the At and Dt subgenomes identified gene-rich islands on chromosomes 5, 10, 14, and 15, which are each preferentially associated with a particular stage of fiber development-initiation, early elongation, middle to late elongation, and SCWD. Independent statistical analysis was performed by partitioning each chromosome map into 10-cM intervals. On the basis of the total number of fiber unigenes per interval, the Poisson probability distribution function was applied to identify bins that contained a significant (P b 0.001) excess or deficiency of the various classes of EST unigenes. Gene-rich islands were subsequently identified by outlier analysis. On chromosome 5, 1 of 3 gene-rich islands was classified as a mild outlier, whereas 2 islands were extreme outliers that contained significantly more fiber gene loci than other intervals (Table 4) . On chromosome 10, gene-rich islands were identified in three intervals, from 40 to 50, 70 to 80, and 90 to 110 cM. The last two intervals contained gene-rich islands with genes from both early and middle fiber elongation. On chromosome 14, 3 gene-rich islands were located in intervals from 110 to 120, 130 to 140, and 140 to 150 cM. The first two intervals contained genes for both middle and late fiber elongation. Only 1 gene-rich island was identified for SCWD at the end of chromosome 15 (interval from 0 to 10 cM). In total, 10 gene-rich islands were identified that accounted for about 10.4k of the four chromosomes, with a total of 96 intervals (26 intervals each for chromosomes 5, 10, and 14, and 18 intervals for chromosome 15). 
Expression of the fiber EST unigenes
To investigate the functions of fiber genes linked to developmentally regulated and stage-specific gene-rich islands on chromosomes 5, 10, 14, and 15 (Table 2) , genes were Gene Ontology (GO) annotated (Fig.  3 , Table S4 ). Analysis revealed that all stages engage a wide array of metabolic processes, and protein biosynthesis was the functional category that was consistently overrepresented on each of the chromosomes. The results are consistent with the accentuated growth of developing fiber cells and the abundance of metabolism-related transcripts [21] . Cotton fiber and Arabidopsis leaf trichomes are both terminally differentiated epidermal cells and share a number of developmental features [27] . A search for relevant homologues to the Arabidopsis trichome gene model was conducted using Blast and the genes on the cotton gene-rich islands as candidates to query the Arabidopsis TAIR-7 database. The results identified three trichome-related genes (Eb1 10 −20 ) located on chromosomes 5 and 10 that are important for the development of trichomes in both cotton and Arabidopsis. A cotton fiber homologue on chromosome 5 is related to a gene that is required for Arabidopsis trichome morphogenesis and is a component of the WAVE protein complex, which is an activator of an ARP2/3 complex involved in actin nucleation [28] [29] [30] . Also located on chromosome 5 is a cotton homologue of Glabra 2 (GL2), a homeodomain protein that that acts downstream of the trichome initiation complex [18] to control epidermal cell identity and serves to promote formation of leaf trichomes, but is required to suppress root hair development [27, 31, 32] . R2R3-MYB DNA binding factors play an important role in trichome development [33, 34] and a cotton MYBlike gene located on chromosome 10 is one of more than 35 R2R3-MYB genes found in cotton fibers [35] . Developmental expression profiles, divided into stage-specific profiles depending on the temporal regulation of peak gene expression (T. A. Wilkins, unpublished) for a subset of the genes found in the gene-rich islands, were examined to test the strength of the link between the islands and the developmental stages. The expression profiles generally agreed with our assignment of gene-rich islands to specific developmental stages (Fig. 4) . For example, 45 of the 66 fiber elongation-associated genes [21] exhibited developmental expression profiles consistent with classification as initiation/early expansion genes. Although the associations with the other gene-rich islands are not as strong due to limited expression data, the trend observed is consistent with the assignment of the islands to specific developmental stages.
Analysis of microarray expression profiles from developing fibers (G. hirsutum) for gene-rich islands (Fig. 4) revealed interesting patterns. The expression profiles of gene-rich islands on chromosomes 5 and 10 corresponding to initiation, early, and middle elongation phases (−3 through~14 dpa) exhibited similar patterns but differed in magnitude. Likewise, gene-rich islands on chromosomes 14 and 15 that corresponded to later developing stages spanning middle to late elongation and the onset of SCWD synthesis showed similar expression profiles that differed in magnitude. These patterns clearly divide the gene-rich islands into two major groups: (1) elongation and primary cell wall synthesis islands on chromosomes 5 and 10 in which gene expression peaks during the earlier stages of fiber development and (2) islands on chromosomes 14 and 15 that represent the developmental switch from primary to secondary cell wall biogenesis [1] . Cotton fiber morphogenesis is characterized by dynamic remodeling of the tubulin cytoskeleton at two stages in developing fibers: at the onset of fiber morphogenesis and again during the transition between primary cell wall biogenesis and elongation and the onset of SCWD synthesis [3, 36] . Temporal regulation of tubulin isotypes that govern the level and type of tubulins present are stage-specific [36] [37] [38] and this is reflected in the high concentration of various tubulin genes associated with gene-rich islands on chromosomes 5, 10, and 14. Twenty tubulin genes found in gene-rich islands on chromosomes 5 and 10 are differentially expressed during the early stages of elongation and primary cell wall synthesis.
Microarray expression profiles [39] for fiber genes corresponding to ESTs retrieved from early staged cDNA libraries and classified as initiation/ early expansion genes linked to chromosome 5 revealed temporal expression patterns consistent with these assignments and designations (Fig. 4) . Expression of these known expansion-associated genes [21] , including cyclin genes [40] , lipid transfer protein 3 [41] , and -expansin [21] , show similar profiles, with expression higher in fiber before 5 dpa and expression declining steadily through later stages of expansion and elongation. The peak expression of different -expansin isoforms and other expansion-associated genes during rapid polar elongation is consistent with assignment of these genes as elongation genes on chromosome 10. Expansins are particularly important wall-associated proteins that function in the cell wall, loosening during turgor-driven cell expansion to allow for the addition of newly synthesized materials into the extracellular matrix [42, 43] . Also linked to turgor-driven expansion is the developmental regulation of a nodulin-like protein that is a member of the aquaporin transmembrane water channel gene family and functions in water uptake by the vacuole to create and maintain cellular turgidity during rapid expansion of developing fibers [37, 44] .
The gene-rich islands on chromosome 14 contain middle-to lateelongation transcripts involved in elongation and a subset of genes that are associated with the transition phase between primary and SCW biogenesis and early entry into SCW synthesis. Among the most interesting of these transcripts are annexin and peroxidase. A fiber annexin has been previously linked to the late elongation and early SCWD stage of fiber development [45] and, based on functional analysis in other species, may play an important role in Golgi-mediated secretion of polysaccharides required for biogenesis of the thick, cellulosic SCWD. Induction of cellulose synthesis during fiber SCW biogenesis has been implicated with the production of H 2 O 2 that may act as a developmental signal, triggering the transition from primary to secondary cell wall biogenesis [46] . Indirect evidence indicates a requirement for H 2 O 2 by peroxidase in formation of SCW macromolecules [47] , suggesting an important role for this cotton peroxidase.
Interestingly, the temporal expression of genes linked to chromosome 15 no doubt identifies these genes as good candidates for a role in SCWD biogenesis, but they are mostly annotated as proteins of unknown function. One very interesting group of annotated SCW genes on chromosome 15 is a cluster of genes belonging to the ubiquitin pathway. There is a growing body of evidence that the ubiquitin-dependent proteolytic pathway plays a crucial role in regulating the growth of plant cells [48, 49] and, by extension, may function in fiber SCW biogenesis.
Discussion
Development-specific cotton fiber genes locate to gene-rich islands on specific chromosomes
Although fiber genes for all developmental stages are distributed across the At and Dt subgenomes of tetraploid cotton, outlier analysis revealed a significant association of a subset of fiber genes to At chromosomes 5 and 10 and Dt chromosomes 14 and 15. The association of these fiber genes was not only significant, it was further characterized by two additional features. First, the genes assigned to individual chromosomes correlated with specific developmental stages, such that early and middle-elongation genes were assigned to chromosomes 5 and 10, respectively; elongation subsets were found on chromosome 14; and SCWD genes were assigned to chromosome 15. The second interesting feature is that the fiber development-related genes were found in gene-rich islands and there are genomic characteristics of functional coupling gene clusters in tetraploid cotton. Following the analysis of 31 completely and incompletely sequenced genomes, the phenomenon of functionally related genes coupling as gene clusters/ islands was discovered [50] . Our data in this report show that (1) there are gene islands/clusters in the cotton genome, (2) gene clusters contain genes functionally related by fiber development stages, and (3) genes in each cluster have similar expression profiles. This is the first report to demonstrate functional coupling of gene clusters in the cotton genome.
Gene-rich islands are contrasted by gene-poor regions, which may extend over several hundred kilobases and are primarily composed of repetitive DNA and frequently show reduced recombination or no recombination at all. In several instances, gene-rich islands have been identified that are characterized by a relatively high density of genes situated within 5 to 10 kb [51] . Similar findings have been obtained at a larger resolution provided by genetic and cytogenetic maps. About 50k of the single-and low-copy markers from a genome-wide map of barley could be assigned to only 5k of the physical genome complement, which indicated the presence of distinct gene space [52] . Similar observations were reported from physical mapping studies in wheat using deletion lines [53] [54] [55] . However, not all genomes have been found to contain gene islands. There were no gene islands found in the Arabidopsis genome [56] , and its gene organization is drastically different from that of the genomes of Gramineae (rice, maize, and barley). In general, the larger the genome size, the smaller the islands are compared to longer gene-poor regions. The genome size of tetraploid upland cotton, estimated at around 2250 Mb [57] , is between those of rice and maize. Based on the gene density at 10-cM intervals, 10 fiber-gene-rich islands were identified. Because of the significant difference between genetic and physical distance, these data did not provide sufficient resolution to pinpoint accurately the location of the gene-rich islands. However, BAC contigs from the cotton physical map, bearing the fiber genes found in the gene-rich islands and having a length of about 37 Mb, accounted for less than 2k of the cotton genome. These results did verify the existence of the gene-rich islands. While a pilot project to sequence 500 Mb of a diploid wild species (G. raimondii) has been initiated by the JGI (http://www.jgi. doe.gov/sequencing/why/CSP2007/cotton.html), complete sequencing of the tetraploid upland cotton (G. hirsutum) remains a remote prospect. With current resources, however, it may be feasible first to sequence the four chromosomes with the fiber gene-rich islands and then to sequence the complete genome when additional resources become available. Gene-rich islands found in the upland cotton genome will open the door for the evolutionary understanding of fiber development and genetic manipulation of fiber improvement. The information will facilitate research on fiber genomics that may contribute to our understanding of the functional and agronomic significance of upland cotton. It will also shed light on the genetic machinery of the development of single-celled trichomes in other plants.
Sources of cotton EST unigenes and impact on the patterns of their genome distribution
Thirty-one cDNA libraries were constructed from 15 research groups worldwide, and cotton ESTs from 30 of the cDNA libraries were collected and assembled using the Program for Assembling and Viewing ESTs (PAVE) [24] . All the assembled EST unigenes were downloaded from http://www.agcol.arizona.edu/pave/cotton/, while both the 172 fiber elongation ESTs and the marker sequences were downloaded from NCBI (http://www.ncbi.nlm.nih.gov/). One library was not assembled by PAVE, but the functions of most of the ESTs from this library were confirmed by both macroarray and RT-PCR analysis [22] . These libraries were constructed from a variety of tissues, and more than half of the libraries (16) were constructed from fibers at various developmental stages. The 31 libraries included tetraploid cotton as well as its two diploid progenitors. Most of the cDNA libraries (28) were derived from upland cotton, and they were relatively small, with the library size ranging from 207 to 8643 ESTs. Collectively, these G. hirsutum EST collections comprised 38k of the total used in the assembly. The remaining ESTs were derived from three more extensively sampled cDNA libraries generated from two diploids (one library from 7-10 dpa of A-genome G. arboreum and two libraries of D-genome G. raimondii), which comprised 24 and 38k of the total number of ESTs, respectively [24] . Five of the six fiber-initiation EST libraries were constructed from G. hirsutum. Of the 57,598 fiber-initiation ESTs in the six libraries, 61k were derived from the D genome (G. raimondii) although chromosome 5, which had the most mapped EST unigenes, was from the At genome. Of the 54,138 fiber-elongation ESTs in nine elongation libraries, 58k were derived from the A-genome species G. arboreum. However, chromosomes 10 (At) and 14 (Dt) contained most of the EST unigenes for fiber elongation. As for fiber SCWD, although the EST library came from tetraploid cotton, chromosome 15 (from Dt subgenome) had the most SCWD EST unigenes. ESTs were further sorted into three groups as A, D, and AtDt to compare the effects of different EST resources on the gene distribution results. There were no significant differences observed among the results from genomes A, D, and AtDt.
Comparison between Arabidopsis trichome genes and cotton fiber-development-related ETS unigenes
Although both Arabidopsis trichome and cotton fiber are of unicellular and epidermal origin, their morphology and growth patterns vary greatly. After initiation, cotton fiber cells must have unique expression profiles for fast elongation, secondary cell wall deposition, and maturation [27] . This point was verified in our result when the Arabidopsis trichome genes were used to Blast against cotton EST unigenes anchored in the gene-rich islands. Two Arabidopsis trichome genes were identified that have homologues in chromosome 5 that play important roles in cotton fiber/Arabidopsis trichome initiation. One EST unigene is a homologue of the R2R3-MYB DNA binding factor that plays an important role in trichome development. The result shows that Arabidopsis trichome and cotton fiber share similar initiation and early elongation processes. And after that, Arabidopsis trichome development may require very few genes to reach its full short life span, but cotton fibers need a lot of genes for full growth.
Unigenes in subgenomes At and Dt
At the subgenome level, the numbers of unigenes located in At chromosomes from 1 to 13 and in Dt chromosomes from 14 to 26 are summarized in Table 2 . Random distribution was indicated by the t test for nonrandom distribution between subgenomes At and Dt. The t test was performed both on all unigenes and on only fiber unigenes. Neither of the tests was significant, indicating that both fiber and nonfiber unigenes were evenly distributed in the At and Dt subgenomes. These results differ from previous reports [9] stating that most QTLs influencing fiber quality and yield were located in the D subgenome. However, these results were consistent with EST-SSR mapping reports [11] , which indicated that both the At and the Dt subgenomes are equally important to fiber development. These results reinforce the contention that the A genome is important to fiber development, as economically important spinnable fiber first evolved in the A genome lineage.
Materials and methods

Sources of cDNA libraries
Thirty-one cDNA libraries were developed by 15 research groups in the cotton research community [22, 24] , 16 of which were from fibers at different stages; the rest of them were from cotton leaves.
Anchor EST unigenes to chromosomes via Blast analysis
Sequences from BAC-derived clones, genetically mapped DNA markers collected from published genetic maps, and 172 fiber elongation ESTs were downloaded from NCBI (http://www.ncbi.nlm. nih.gov/) and were formatted into a database for Blastn analysis. A total of 51,107 cotton unigenes [24] were downloaded from http://www. agcol.arizona.edu/pave/cotton/. The Blast program bBlastAllQ was downloaded from NCBI to perform the analysis with the criterion for a sequence match based on an E value of 1 × 10 −15
.
BAC libraries and high-density filters
The two BAC libraries used in this study were constructed from the upland cotton genetic standard TM-1: a BamHI partial digestion with the vector pOCLD0451 BIBAC library and a HindIII partial digestion with the vector pBeloBAC1 BAC library [58] . High-density BAC/BIBAC filters were prepared using a Biomek 2000 robotic workstation equipped with a high-density replicating system (HDR) (Beckman Coulter, Fullerton, CA, USA). Each filter was inoculated with 1536 BAC clones using a 4 × 4 matrix pattern with a 384-pin HDR tool. Filters were inoculated and processed as described by Woo [59] .
Anchor EST unigenes to chromosomes via overgo hybridization EST sequences were used to design an overgo probe for each sequence contig after it was masked to eliminate known repetitive regions using RepeatMasker (http://www.repeatmasker.org/). Overgo primers were designed by the Overgo 1.02i program [60] (http://www. mouse-genome.bcm.tmc.edu/ webovergo/OvergoInput.asp/). The target sequences of the overgo hybridization were fiber-developmentrelated genes. Prehybridization and hybridization were conducted following Woo's protocol [59] . Filters were washed twice in 2 SSC/0.5k SDS and twice in 0.1 SSC/0.5k SDS. All washes were for 20-30 min each at 65 C. Filters were exposed to X-ray film for 1-3 days.
Outlier analysis
Outlier analysis, including both mild (1.5 interquartile range; IQR) and extreme outliers (3 IQR), was performed following the statistics method [61] .
Comparison between Arabidopsis trichome genes and cotton fiberdevelopment-related unigenes Arabidopsis trichome genes were retrieved from the TAIR database (http://www.arabidopsis.org/) and they were used to Blast (expected value 1 × 10 −20 ) against the cotton EST unigenes anchored in the generich islands.
Gene annotation
Gene annotation for fiber genes mapped to chromosomes 5, 10, 14, and 15 was performed by independent analysis using Blast (threshold E value 1 × 10 −15
) and the following databases: Unigene db (http:// www.ncbi.nlm.nih.gov/), Uniprot db (http://www.pir.uniprot.org/), and Tair7 (http://www.arabidopsis.org/portals/genAnnotation). The functional description of the best hit for each gene was selected to annotate the gene. Functional categories for the genes were assigned using GO. A microarray database of developmental expression profiles for upland cotton was searched for profiles corresponding to the genes assigned to chromosomes 5, 10, 14, and 15.
